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http://www.biomedcentral.com/1471-2261/12/91RESEARCH ARTICLE Open AccessDotted collar placed around carotid artery
induces asymmetric neointimal lesion formation
in rabbits without intravascular manipulations
Antti Kivelä1,3, Juha Hartikainen2,3 and Seppo Ylä-Herttuala1,2,4*Abstract
Background: Neointimal formation in atherosclerosis has been subject for intense research. However, good animal
models mimicking asymmetrical lesion formation in human subjects have been difficult to establish. The aim of this
study was to develop a model which would lead to the formation of eccentric lesions under macroscopically intact
non-denuded endothelium.
Methods: We have developed a new collar model where we placed two cushions or dots inside the collar.
Arterial lesions were characterized using histology and ultrasound methods.
Results: When this dotted collar was placed around carotid and femoral arteries it produced asymmetrical pressure
on adventitia and a mild flow disturbance, and hence a change in shear stress. Our hypothesis was that this simple
procedure would reproducibly produce asymmetrical lesions without any intraluminal manipulations. Intima/media
ratio increased towards the distal end of the collar with the direction of blood flow under macroscopically intact
endothelium. Macrophages preferentially accumulated in areas of the thickest neointima thus resembling early
steps in human atherosclerotic plaque formation. Proliferating cells in these lesions and underlying media were
scarce at eight weeks time point.
Conclusion: The improved dotted collar model produces asymmetrical human-like atherosclerotic lesions
in rabbits. This model should be useful in studies regarding the pathogenesis and formation of eccentric
atherosclerotic lesions.
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Neointimal growth has been a subject for intensive
research during several decades. A collar placed around
a target vessel is one of the models that have been used
to induce concentric intimal thickening in different
animal species under macroscopically intact endothe-
lium [1]. However, good models for asymmetric human-
like lesion formation and neointimal growth are still
lacking especially if endothelial denudation should be
avoided. The role of adventitia in the neointimal forma-
tion has not been studied very much and interest has
been merely focused on medial smooth muscle cells* Correspondence: Seppo.YlaHerttuala@uef.fi
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reproduction in any medium, provided the or(SMC) and endothelium. However, new interest in the
role of adventitia has emerged due to several findings
concerning the role of adventitia in the production of
reactive oxygen species (ROS) [2], expression of indu-
cible nitric oxide synthase (iNOS) [3]), extracellular
matrix production and degradation [4], neovasculariza-
tion [5] and synthesis of various growth factors [5].
Changes in shear stress are important determinants of
intimal hyperplasia [6,7]. Disturbed flow in curved
regions and branches is proatherogenic, whereas laminar
flow is atheroprotective. Laminar shear stress upregu-
lates several genes involved in cell survival, cell cycle
arrest, morphological remodelling and NO production
[8]. Most models used for these studies have utilized iso-
lated vessels in perfusion chambers, which is far from
in vivo situation. Marano et al. used ligation of the righttd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
Figure 2 Design of the dotted collar.
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contralateral collared artery [9].
Collar models used previously have been based on
symmetrical hollow collars [1]. In contrast to human
atherosclerotic lesions this collar constantly produces a
symmetric concentric intimal thickening (Figure 1). Here
we describe a new collar model that reproducibly causes
an asymmetrical eccentric neointimal thickening in
rabbit carotid and femoral arteries.Methods
Collar implantation
New Zealand White rabbits (n=20, weight 3.2 to 4.4 kg)
were used for the experiments. Rabbits were fed with
normal rabbit chow enriched with 0.25% cholesterol
for two weeks before any operation. General anaesthesia
was induced using fentanyl-fluanisone (0.8 mg/kg +
2.2 mg/kg) intravenously and midazolam (1 – 1.5 mg/kg)
intramuscularly. Left carotid artery and right femoral ar-
tery were exposed under local anaesthesia (lidocaine)
and a dotted collar (Ark Therapeutics Oy, Kuopio,
Finland) (Figure 2) was carefully placed around the vessel
avoiding any operational damage. After the operation the
wound was closed layer by layer with 5–0 Dexon.
All experiments were approved by the Experimental
Animal Committee of the University of Kuopio.Carotid flow measurement
Carotid flow velocities were measured at baseline before
operation, acutely following the collar placement and at
the end of the experiments at eight weeks using Acuson
Sequoia C256 Echocardiography system with 15L8-S
transducer at 14 MHz. Measurements were taken atFigure 1 Histological features of carotid artery eight weeks after holl
Neointima formation is modest and symmetric.an angle of 57-60°, using a colour doppler to guide
pulsed doppler measurements to the area of peak flow.
Peak velocity values were measured three times from
each vessel and the highest value obtained was used
for analyses.Histological analysis
Vessels were harvested eight weeks after the operation.
Arterial segment inside the collars was divided into four
equal parts (cranial, craniomedial, caudomedial, caudal).
Paraffin sections were immersion-fixed in 4% parafor-
maldehyde/15% sucrose (pH 7.4) for 4 hours, rinsed
overnight in 15% sucrose (pH 7.4), and embedded in
paraffin. Neointima formation was measured after
hematoxylin-eosin (HE) staining using Olympus AX70
microscope (Olympus Optical, Japan) with Analysis
imaging software (Soft Imaging Systems GmbH, Ger-
many). Lumen, internal elastic lamina and external elas-
tic lamina were traced and lumen area and trace lengths
were recorded. Immunohistochemical stainings were
done using the following antibodies: CD31 (endothelium,
dilution 1:50, DAKO), RAM-11(macrophages, dilution
1:200, DAKO), HHF-35 (smooth muscle cells [SMCs],
dilution 1:50, DAKO). An avidin-biotin–horseradish per-
oxidase system was used for signal detection (Vectorow collar placement. a) Magnification 4X. b) Magnification 10X.
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cies matched first antibodies and incubation where the
first antibodies were omitted [10].
Statistical analysis
Statistical analysis was performed with SPSS version
10.0.5 software package. After testing for normality
of the data, Mann–Whitney U test was used for a pair-
wise (caudal vs. other segments in carotid arteries, cra-
nial vs. other segments in femoral arteries) comparison
of the collared segments. p <0.05 was considered statisti-
cally significant.
Results
After eight weeks, neointimal formation was detected in
the collared arteries. Contrary to the previously usedFigure 3 Histological and immunohistochemical features of the lesion
a – d) Hematoxylin-eosin staining. e – h) Endothelial staining with CD31. No
m – p) Macrophage staining with RAM-11. Note accumulation of macrophagrabbit carotid collar models [1,11,12] predominantly
asymmetric neointimal formation was observed, which
in several cases resembled human lesions (Figure 3).
Another new feature in this model was the gradual
increase in the neointimal thickening along the flow
direction in carotid segments. Intima/media ratio
increased towards the distal end of the collar being
0.34 ± 0.09 in caudal segments, 0.48 ± 0.12 in caudome-
dial segments, 0.92 ± 0.38 in craniomedial segments (p =
0.002 vs. caudal) and 0.59 ± 0.17 in cranial segments.
However, such findings were not seen in femoral arter-
ies. (Figures 4, 5.)
Effect of the dotted collar on the velocity of the carotid
artery blood flow was measured with Doppler ultra-
sound. Attenuation of the peak flow velocity in the
carotid arteries was seen after the placement of thes eight weeks after the placement of collar in carotid arteries.
te intact endothelium. i – l) Smooth muscle cell staining with HHF-35.




















Figure 4 Intima/media ratios in carotid and femoral sections. Pooled data of all carotid and femoral sections. Intima-media (I/M) ratios in
different segments of the collared carotid and femoral arteries. Values represent mean ± SEM. * p=0.002 compared to the caudal segment of the
carotid artery. Direction of blood flow in carotid samples is from left to right and in femoral samples from right to left.
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returned to normal levels after eight weeks follow-up
despite of the development of neointima. In native, non-
operated carotids blood flow proximal to the site of the
collar was 1.27±0.20 m/s, blood flow immediately after
the collar placement was 0.77±0.06 m/s. The corre-
sponding value eight weeks after the collar implantation
was 1.17±0.21 m/s. (Figure 6).
Immunohistochemical analysis showed macrophage
accumulation in areas of the thickest neointimal forma-
tion and in adventitia (Figures 3 m-p; 5). In some col-
lared vessels the density of macrophage accumulation
also increased with the increasing neointimal area and
according to the blood flow (Figure 5 a-d). The number
of macrophages in the lesions varied between 5 to
20 cells/100 μm2. Intact endothelium was present at
eight weeks in almost all segments (Figure 3 e-h). Endo-
thelial layer was always present in areas of large, plaque-
like lesions. In a few sections, some local detachment of
endothelial cells was noted, but this did not correlate
with the increase in the neointimal thickening, and was
mainly considered as a sporadic finding. The bulk of the
lesions consisted of SMC as shown by α-actin immunos-
taining (Figure 3 i-l). In some lesions, accumulation of
macrophages was also seen in the deep layers of the
lesions (Figure 5 c,d,f ) resembling early stages in ather-
oma formation. Lesion neovascularization could be seen
increasing towards cranial (distal) segments in a similar
fashion as plaque thickness, as detected by CD31 immu-
nostaining (Figure 3 e-h).Discussion
Molecular and cellular factors leading to neointimal
growth include proliferation and migration of vascular
SMC, matrix remodelling, lipid accumulation, LDL oxi-
dation, endothelial dysfunction and inflammatory reac-
tions [13]. Physical determinants proposed to explain
neointimal growth in the collar model are changes in
shear stress, occlusion of vasa vasorum thus affecting
oxygen balance and metabolic status, loss of perivascular
innervation and twisting of the collared artery [11].
Marano et al. showed that increased shear stress was
protective against neointimal thickening in rabbit carotid
collar model [9]. However, they used hollow collars with
an even inner surface as originally developed by Booth
et al. [1]. In the new model our intention was to alter
the normal laminar flow to a turbulent one by twisting
the vessel thus giving differential pressure and flow
signals on the endothelium.
Vascular adventitia is known to be activated in a var-
iety of cardiovascular diseases. It has been postulated
that adventitial fibroblasts proliferate and migrate into
the neointima in response to injury [2,14]. It has also
been shown that direct adventitial injury in the absence
of endothelial damage is sufficient to cause neointimal
lesions [15]. Barker et al. [16] removed adventitia in
hypercholesterolemic rabbits, which induced intimal
hyperplasia and macrophage accumulation. Our dotted
collar imposed an altered pressure on adventitia and we
hypothesized that this is sufficient to disturb normal
homeostasis in the vessel wall and cause lesion formation.
Figure 5 (See legend on next page.)
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Figure 5 Blood flow curves in the carotid arteries after the placement of collar. a) Flow at baseline. b) Flow proximal to the collar at
day 0 after the collar implantation. c) Flow proximal to the collar at eight weeks. d) Flow rate means at time points a-c, shown as m/s with
2 standard deviations.
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asymmetric SMC-rich lesions that also accumulated
macrophages and started to resemble human-like lesions.
The effect of the collar placement in femoral versus
carotid arteries has not been studied before. In this
series a clear difference in the reactivity to the dotted
collar was seen between carotid and femoral arteries:
collar-induced neointimal thickening in the femoral
arteries was only mildly increased along the direction of
the blood flow and did not reach statistical significance.
We consider this difference in the neointimal develop-
ment probably as a result of the differential adventitial
pressure. However, differences in the anatomical loca-
tions of the arteries may also have contributed to these
findings. Limitations of this study include limitedFigure 6 Asymmetric intima formation in the direction of blood flow.
was seen in the carotid arteries along the direction of blood flow. a) cauda
sections of plaque formation, caudomedial, femoral artery. Original magnifitechnical details in ultrasound acquisition: in future with
intra-arterial flow probe the turbulence inside the dotted
collar can be studied and correlated to the neointimal
changes. Also, collar device can be used for local drug,
protein and gene delivery [12,17,18], which should allow
further evaluation of the pathogenetic mechanisms
under macroscopically intact endothelium.
Conclusions
In conclusion, the dotted collar model causes asymmet-
rical neointimal lesion formation with the accumulation
of macrophages. This model should be useful for studies
addressing the pathogenesis of neointimal SMC accumu-
lation and the formation of eccentric atherosclerotic
lesions in large arteries.At eight weeks, statistically significant asymmetric neointimal growth
l, b) caudomedial, c) craniomedial, d) cranial. e-f) Representative
cation in a-e) 4X, in f) 20X. RAM-11 staining.
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